ABSTRACT Chemical genetics as a part of chemical genomics is a powerful and fast developing approach to dissect biological processes that may be difficult to characterize using conventional genetics because of gene redundancy or lethality and, in the case of polysaccharide biosynthesis, plant flexibility. Polysaccharide synthetic enzymes are located in two main compartments-the Golgi apparatus and plasma membrane-and can be studied in vitro using membrane fractions. Here, we first developed a high-throughput assay that allowed the screening of a library of chemicals with a potential effect on glycosyltransferase activities. Out of the 4800 chemicals screened for their effect on Golgi glucosyltransferases, 66 compounds from the primary screen had an effect on carbohydrate biosynthesis. Ten of these compounds were confirmed to inhibit glucose incorporation after a second screen. One compound exhibiting a strong inhibition effect (ID 6240780 named chemical A) was selected and further studied. It reversibly inhibits the transfer of glucose from UDPglucose by Golgi membranes, but activates the plasma membrane-bound callose synthase. The inhibition effect is dependent on the chemical structure of the compound, which does not affect endomembrane morphology of the plant cells, but causes changes in cell wall composition. Chemical A represents a novel drug with a great potential for the study of the mechanisms of Golgi and plasma membrane-bound glucosyltransferases.
INTRODUCTION
The biosynthesis of plant cell wall carbohydrates involves numerous enzymes catalyzing a wide range of reactions as well as non-catalytic proteins. The most important examples are processive glycosyltransferases (synthases) and non-processive transferases, transglycosylases, enzymes involved in the interconversion of nucleotide-sugars and nucleotide-sugar transporters (Driouich et al., 1992; Nguema-Ona et al., 2006; Seifert, 2004; Zhang and Staehelin, 1992) . Understanding the details of cell wall polysaccharide biosynthesis represents one of the most challenging problems in plant biochemistry due to the large number of presently uncharacterized enzymes involved in these pathways. In addition, a large proportion of these enzymes are localized in membrane structures. Glycosyltransferases catalyzing the formation of glycosidic linkages between monosaccharide residues from nucleotide-sugars and specific acceptors are highly specific. It is therefore expected that a distinct enzyme is required for each reaction (Keegstra and Raikhel, 2001) . Glycosyltransferases are classified according to their preferred sugar donor and acceptor substrates and the types of linkages they form. The synthesis of the large diversity of structurally heterogeneous cell wall polysaccharides is thought to involve at least 1000 genes (Somerville et al., 2004) . For example, in Arabidopsis, several hundreds of genes have been annotated as coding for putative glycosyltransferases http://www.cazy.org (Coutinho and Henrissat, 1999) , but the function of a limited number only has been firmly determined (Cavalier and Keegstra, 2006; Faik et al., 2002; Harholt et al., 2006; Madson et al., 2003; Perrin et al., 1999) .
Over the last decade, the screening and analysis of Arabidopsis mutants have become a commonly used approach to investigate the mechanisms of polysaccharide synthesis and assembly within the complex architecture of the cell wall. The successful characterization of mutants has provided important information for a number of genes involved in these processes Harholt et al., 2006; Pena et al., 2004; Persson et al., 2007; Vanzin et al., 2002; Zabotina et al., 2008) . Classical mutant screens have demonstrated that redundancy is very common in plants, including for genes involved in cell wall biosynthesis. Despite the significant information gathered using such powerful molecular approaches, it is oftentimes difficult to observe and interpret morphological phenotypes. In addition, biochemical changes are often subtle and not easy to identify (Reiter et al., 1997; Scheible et al., 2003; Scheible and Pauly, 2004) , thereby complicating the demonstration of the link between the modified gene and its function. The development of in-vitro assays and the identification of specific enzymatic activities represent an alternative to this problem by facilitating protein function assignment, determination of substrate specificity and detailed enzymatic properties. The functions of a number of glycosyltransferases were revealed using either of these approaches or a combination of them (Burton et al., 2006; Faik et al., 2000; Scheller et al., 2007) . For example, the function of galactosyltransferases and xylosyltransferases involved in xylan or xyloglucan synthesis were predicted by reverse genetics and confirmed by in-vitro assays performed on heterologously expressed proteins or Golgi microsomes (Brown et al., 2007; Faik et al., 2000 Faik et al., , 2002 Lee et al., 2007; Madson et al., 2003) . In other examples, the enzymatic activities of FUT1 and GAUT1 were evidenced by assaying glycosyltransferase activities in microsomes followed by the purification of the corresponding proteins (Faik et al., 2000; Perrin et al., 1999; Sterling et al., 2006) . Frequently, heterologous expression of enzymes and in-vitro assays fail to reveal enzyme function due to one or several of the following reasons: the difficulty of finding the adequate substrate, the expressed protein might be inactive or its activity might be dependent on the presence of other proteins (Scheller et al., 2007; Zabotina et al., 2008) .
Chemical genomics represents another approach with a great potential to overcome the problems of gene redundancy, plant flexibility and lethality Raikhel and Pirrung, 2005; Robert et al., 2008b; Zhao et al., 2003) . This approach is attractive owing to the development and availability of diverse libraries of small molecules synthesized by means of combinatorial techniques (Balkenhohl et al., 1996; Oliver and Abell, 1999) . In the first step, a chemical screening from drug libraries is performed to identify the molecules that have the desired effect on enzyme activity. Identification of the cognate targets of these compounds is of great help to further characterize efficient inhibitors of specific enzymes. In addition, the active chemicals can be used to identify new synthetic pathways and/or new types of interactions between their target enzymes and other proteins. One of the advantages of using chemicals as specific inhibitors of biosynthetic enzymes is not only the ability to create temporal 'knockouts' at any point in development, but also the flexibility of the inhibition process, which is reversible in most cases. Chemicals may be specific for a particular enzyme, or may affect an entire family of enzymes that have structural and/or functional similarity. Varying the chemical concentrations applied to the plants may also give a range of responses, thereby creating effectively a 'chemical allelic series'.
Successful examples of the use of small molecules as tools to study cell wall assembly are inhibitors of cellulose biosynthesis, such as 2,6,dichlorobenzonitrile (DCB), N-[3(1-ethyl-1-methylpropyl)-5-isoxazolyl] (isoxaben) and 1-cyclohexyl-5-(2,3,4,5,6-pentafluorophenoxy)-1k4,2,4,6-thiatriazin-3-amine (CGA) (Desprez et al., 2002; Peng et al., 2001; Scheible et al., 2001) . This approach has allowed the dissection of the mechanisms of cellulose biosynthesis, and, at the same time, revealed compensatory changes in the xyloglucan-cellulose network (Encina et al., 2002; Manfield et al., 2004; Shedletzky et al., 1990 ) that resulted in an increased amount of pectin in cell walls. The herbicides acting on cellulose biosynthesis are structurally different, which reflects different modes of action, possibly at different stages of the cellulose synthesis process. The synthesis and screening of such inhibitors are a valuable tool to decipher in more detail the mechanisms of cell wall polysaccharide biosynthesis.
The enzymes responsible for polysaccharide synthesis, with the exception of cellulose and callose synthases, are located in the Golgi apparatus. We report here the identification and preliminary characterization of small molecules that inhibit Golgi glucosyltransferases involved in cell wall polysaccharide biosynthesis, using a chemical genetics approach. Interestingly, one of these molecules was found to stimulate the plasma-membrane-bound callose synthase activity. An assay in which Golgi microsomes were directly incubated with a series of chemicals from a commercial library was performed for the screening. The composition of Arabidopsis cell walls was then examined to establish whether there was a correlation between the in-vitro inhibition of the isolated Golgi enzymes by one of the compounds, and changes in the composition of the walls from cells treated by the chemical.
RESULTS AND DISCUSSION
Search for Chemicals that Affect Glucose Incorporation into Glucans Using a High-Throughput Screen
In order to identify specific effectors of enzymatic activities involved in oligo or polysaccharide biosynthesis, we screened a commercially available library composed of small organic molecules with broad structural variations (www.hit2lead. com). Such libraries have been used successfully in other screens (Armstrong et al., 2004; Burns et al., 2006; Feng et al., 2003; Robert et al., 2008a; Rojas-Pierce et al., 2007; Surpin et al., 2005; Zouhar et al., 2004) . To conduct the screen, we developed an assay utilizing 96-well plates in which Golgi microsomes and UDP- [H 3 ]glucose were incubated in the presence of the chemicals from the library or controls. Aliquots of Golgi preparations from etiolated pea stems (third internode) were pre-incubated with the chemicals from the library in 96-well plates at 4°C for 3 h. The substrate mixture (1.0 lM of UDP-glucose + 2 lCi of UDP- [H 3 ]-glucose from the stock solution with specific radioactivity 27 Ci mM À1 , 10.0 mM HEPES, 1.0 lM MnCl 2 , 1 lM MgCl 2 ) was added and the mixture incubated for 1 h at room temperature. Golgi membranes pre-incubated with DMSO were used as positive controls, while boiled microsomes were used as negative controls. The reactions were terminated by diluting the mixtures with two volumes of water. The mixtures were then filtered using 96-well multiscreen plates filled with an anion-exchange resin in order to remove the nucleotide-sugars that were not used by the Golgi. The filtrates were collected into new 96-well plates via vacuum filtration, mixed with scintillation cocktail and the radioactivity was measured using a scintillation counter. Wells in which the radioactivity varied by a factor of two to three compared to the positive controls were scored as positive 'hits'. Our primary screen covered 4800 compounds of the 10 000-member small molecule library, and 66 compounds were scored as positive hits (Table 1) . For the secondary screen, the 66 primary hits were re-assayed using the same protocol, but using three different concentrations of the chemicals. Ten of the 66 chemicals reproducibly displayed concentration-dependent inhibitory effects. Amongst these 10 chemicals, one (ID 6240780, hereafter named chemical A) showed the highest inhibition effect and was thus selected for further analyses (Figure 1 ). Once chemical A had been identified, its effect was tested on Golgi preparations from cultured BY2 cells, Arabidopsis cell cultures, and roots from Arabidopsis seedlings grown in liquid media. No differences in the levels of inhibition were observed between the different Golgi preparations (data not shown).
All further experiments were performed using Golgi membranes isolated from Arabidopsis cell suspension cultures, because Arabidopsis represents the system of choice for identifying the cognate targets of the tested compounds due to the availability of extensive genetic information and mutants. This choice will facilitate comparisons between genomic and chemical approaches as well as the functional characterization of gene/enzyme targets. Although the levels of incorporated radioactivity varied to some extent between different Golgi preparations, the effects of the chemicals were reproducible and dependent only on the ratio of microsomes to chemicals. The assays were also performed in the presence of the detergent Triton X-100 to investigate whether chemical A affects the transport of UDP-glucose through the Golgi membrane and therefore decreases the accessibility of the substrate to the glucosyltransferase that functions in the lumen.
The results demonstrate that the inhibiting effect of chemical A does not depend on the presence of the detergent ( Figure 1 ) and therefore does not limit the transport of UDP-glucose. In addition, considering the absence of charged groups in 
Reversibility of the Inhibitory Effect
Golgi membranes were pre-incubated for 3 h in the presence of chemical A or DMSO. The microsomes were then sedimented at 100 000 g, washed with buffer to remove all traces of chemical and incubated with radioactive substrate as described in Methods. Four different assay conditions were used:
(1) Golgi membranes were pre-incubated with DMSO; (2) Golgi membranes were pre-incubated with chemical A that was not subsequently removed; (3) Golgi membranes were pre-incubated with chemical A that was subsequently removed by washing with the incubation buffer; (4) Golgi membranes were pre-incubated with chemical A, washed with the buffer and mixed again with chemical A (Figure 3 ). The extent of incorporation of labeled substrate was similar in experiments 1 and 3, while inhibition was observed for experiments 2 and 4. The addition of chemical A to the washed Golgi fractions restored inhibition of glucose incorporation. These results demonstrate the reversibility of the chemical/target protein interaction, and that the inhibition occurred without irreversible modifications of the target protein(s).
Chemical A Specifically Inhibits Synthetic Pathways in the Golgi Apparatus
An important issue in the characterization of chemical A was to determine whether it affected specifically biosynthetic pathways or if its observed effect corresponded to a general non-specific inhibition of all types of enzymatic activities in Golgi membranes. To address this question, we chose two enzymes that are known to be localized in the Golgi, but have hydrolytic instead of synthetic activities: a-mannosidase II, a key enzyme in the formation of complex N-glycans in plants (Strasser et al., 2006) , and Uridine-5-Diphosphatase, which is considered to be involved in polysaccharide biosynthesis by degrading the UDP released during glucose transfer by specific glucosyltransferases (Orellana et al., 1997) . Golgi membranes were analyzed for a-mannosidase activity using different concentrations of the synthetic substrate 4-methylumbelliferone-mannoside (MUM). Hydrolysis of MUM in the presence of chemical A proceeded at the same rate as for the DMSO control ( Figure 4A ), demonstrating that the chemical had no effect on this type of reaction.
Latent uridine-5#-diphosphate activity of Golgi membranes treated with chemical A and DMSO was assayed using a saturating concentration of UDP. There was no significant difference between the DMSO control and the test performed in the presence of chemical A ( Figure 4B ). Thus, the latter did not affect the degradation of UDP, which is one of the products of the transferase reactions that may accumulate and inhibit polymerization via a competition with the UDP-glucose substrate. The effect of chemical A does not depend on the treatment of the Golgi membranes with Triton X-100 ( Figure  4B ), suggesting that the decrease of incorporation of glucose The assays were performed with Golgi microsomes pre-incubated with DMSO (A) or with chemical A (B). Microsomes pre-incubated with the chemical and then washed with buffer to remove the chemical before assaying showed recovered activity (C). Washed microsomes were treated with chemical A and assayed (D). The assays were performed with three independent preparations of Golgi microsomes; results were averaged and expressed as 6SE (n = 3).
was not due to the inhibition of UDP-glucose transporters. From these results, it can be concluded that the inhibition of glucose incorporation from UDP-glucose is a specific effect of chemical A on glucosyltransferases and that it is not the result of generalized, non-specific inhibition of Golgi enzymes.
Structure-Function Studies of Chemical A
The structural requirements necessary for chemical A to exert its observed inhibitory effect were investigated by searching the ChemMine database (http://bioweb.ucr.edu/ChemMineV2/) for compounds with at least 90% structural similarity and assaying them in the same conditions. Five molecules that present the same core structure as chemical A were identified ( Figure  5 ). They are all composed of a maleimide and a benzyl ring, with differences in the substitutions of the benzyl ring. All chemicals were tested for their effect on glucosyltransferase activities using Golgi membranes. They showed varying degrees of inhibition ( Figure 5 ). The presence of positively charged quaternary ammonium in compounds D, E, and F may decrease their penetration into Golgi lumen, thereby limiting their inhibiting effect. Two additional chemicals were tested; one was maleimide without benzyl ring while the other was devoid of the maleimide ring (chemical G) (Figure 6 ). None of these chemicals was able to significantly inhibit glucose incorporation by Golgi membranes. These results indicate that the presence of the benzyl and maleimide rings is necessary for chemical A to exert its inhibitory effect.
Two other well studied compounds were tested on the glycosyltransferase activities in Golgi membranes: isoxaben, which inhibits cellulose biosynthesis, and monensin, which is a Golgi-disturbing agent. Neither chemical inhibited glucose incorporation by the Golgi membranes (Figure 7 ). Since isoxaben is a specific inhibitor of the plasma membrane-bound cellulose synthase, the absence of inhibitory effect by this compound suggests that the Golgi preparations used for the assays are not highly contaminated by plasma membranes. However, the possibility that the preparation is in fact contaminated by plasma membranes but that cellulose synthase All chemicals were tested at 40 lM. The inhibition effect was influenced by radical substitution on the benzyl ring. The assays were performed in triplicate for each chemical with two independent preparations of Golgi microsomes; results were averaged and expressed as 6SE (n = 6). The assays were performed in duplicate with two independent preparations of Golgi microsomes; results were averaged and expressed as 6SE (n = 4). http://mplant.oxfordjournals.org/ activity is not detected in the assay conditions used cannot be ruled out, since cellulose synthase is indeed particularly difficult to assay in vitro (Colombani et al., 2004) .
The Golgi-disturbing chemical monensin has been shown to induce changes in the cisternal architecture of the Golgi apparatus in sycamore suspension cells (Zhang and Staehelin, 1992) . This alters the ability of Golgi vesicles to deliver structural polysaccharides and proteins to the extracellular matrix but does not affect the synthetic activities of the disrupted Golgi structures (Zhang and Staehelin, 1992) . Since monensin does not affect glucose incorporation in our assays, it can be assumed that membrane disruption caused by reagents like monensin does not affect enzymatic activity, as opposed to chemical A.
Chemical A Causes Changes in Golgi Oligosaccharide Content
In order to understand the type of reactions affected by chemical A, we collected the radioactive products obtained in the presence of chemical A or DMSO and analyzed them using high-performance anion-exchange chromatography with pulse electrochemical detection (HPAEC-PED). The profiles observed for the products obtained after incubation of microsomes with chemical A or with DMSO differed only in the intensity of certain peaks, which were lower in the case of the treatment with chemical A (data not shown). All peaks were collected and combined into four major fractions and their radioactivity was measured using a scintillation counter. The chemically treated microsomes produced lower amounts of radioactive products compared to the DMSO control in all obtained fractions, which were numbered according to their order of elution (Figure 8) . Hence, the products we analyzed were easily soluble in water but precipitated in 80% ethanol and could be eluted from the CarboPac PA1 column in gradient elution conditions normally used for carbohydrates. Therefore, it can be proposed that the radioactive products formed during the assay are carbohydrates of different molecular sizes/structures and that chemical A inhibits their synthesis. Further characterization of these fragments will be performed in the future in order to determine the type of glycosyltransferase reaction.
Effect of Chemical Inhibition of Golgi Glycosyltransferases on Cell Wall Polysaccharide Composition
The carbohydrate content and distribution in the walls of Arabidopsis cells incubated for 4 d in the presence of 40 lM chemical A or DMSO was determined. The morphology of the cells at this concentration was not significantly different compared to the control (Figure 9 ), although increasing the chemical concentrations to 100 lM caused plasmolysis of the cells (not shown). The effect of chemical A on the distribution of cellulose and callose in cell walls was analyzed using calcofluor white and aniline blue, respectively (Figure 9 ). Staining with calcofluor ( Figure 9A and 9B) did not reveal any noticeable difference between the controls and the cells treated with chemical A. In both cases, the dye is associated with discrete cell walls, showing an even distribution of cellulose surrounding the cells. In contrast, aniline-blue staining after treatment of the cells with chemical A showed that callose is more dispersed and has an even distribution ( Figure 9D ) compared to the cells in the control sample, in which callose is mainly present in the newly formed cross-walls and, to some extent, around the dividing cells ( Figure 9C ).
The cell walls were fractionated into CDTA-soluble pectins, a hemicellulose fraction soluble in 4 M KOH and a residual Both isoxaben and monensin were tested at 40 lM. The assays were performed in triplicate for each chemical with two independent preparations of Golgi microsomes; results were averaged and expressed as 6SE (n = 6). pellet corresponding to the fraction contained mostly cellulose, with some additional hemicelluloses that were strongly bound to cellulose microfibrils.
An estimation of the total neutral sugar content in the separated fractions revealed a reduction in the number of pectins in the cells treated with chemical A ( Figure 10A ) and an increase in the total number of 4-M KOH-soluble hemicelluloses and the corresponding residual pellet. Estimation of the uronic acid content in all fractions and the amount of cellulose in the pellet did not reveal any significant difference between cells treated with chemical A or DMSO (data not shown). Monosaccharide analysis of these fractions showed some changes in their composition (Figure 10B-10D ). In the case of the pectin fraction, the amounts of glucose, fucose, rhamnose, and mannose are reduced in the cells treated with chemical A, while the relative amounts of arabinose and xylose increased ( Figure  10B ). In the 4-M KOH-soluble fraction from the cells incubated with chemical A, the amounts of glucose, xylose, and mannose are higher compared to those in control cells, while the contents of arabinose, galactose, and rhamnose were relatively lower ( Figure 10C ). The glucose content is much higher in the residual 4-M KOH pellet from the treated cells compared to the control cells ( Figure 10D ). Currently, we cannot explain the effect of chemical A on the cell wall composition because further detailed analysis needs to be done; chemical A may ]-glucose. 80% ethanol-insoluble products were separated on a Carbo-PAC PA1 column using a Dionex system with pulse electrochemical detection (PED). Peaks were collected (1 min each), combined into four fractions according to their order of elution and their radioactivity was measured; fraction 1 contains the shortest oligosaccharides and fraction 4 the longest ones. Products collected from three assays performed with independently prepared Golgi microsomes were analyzed and results of radioactivity estimation were averaged and expressed as 6SE (n = 3).
inhibit some other glycosyltransferases that synthesize different polysaccharides. Changes in cell wall composition can also be a result of compensatory responses of the cells to the inhibition of glucosyltransferases. The changes of callose distribution in the cells treated with chemical A and the absence of changes in cellulose synthesis and distribution indicates that the increase of glucose content in the 4-M KOH fraction and particularly in the pellet is due to an increase in callose content.
Chemical A Affects Golgi Glycosyltransferase Activities but Not Endomembrane Morphology
The possibility that the inhibition of incorporation of glucose and cell wall alteration could be due to a modification of the Golgi membranes or the membranes of other intracellular compartments was investigated. As described above, there was no effect of monensin on the incorporation of glucose, indicating that membrane disruption is not the reason for the observed inhibition. However, to further address this question, the effect of chemical A on the localization of marker proteins for different cellular compartments (Golgi, tonoplast, ER, and plasma membrane) was analyzed. Arabidopsis transgenic plants that express organelle-specific marker proteins fused to GFP were examined by laser-scanning confocal microscopy (Supplemental Figure 1) . The transgenic lines were grown for 5 d in the presence of either DMSO, or 100 or 400 lM of chemical A. No aberrant localization of fluorescent marker proteins was observed, even after increasing the concentrations of chemical A to 400 lM. From these results, it can be concluded that chemical A specifically affects glycosyltransferase activities of Golgi-localized proteins, without disrupting the corresponding membranes or the membranes of other compartments.
Chemical A Activates Callose Synthase
Since the amount of total glucose increased in the walls of the Arabidopsis cells treated with chemical A and callose distribution in these cells was affected (see previous paragraphs), the effect of the chemical on callose synthase activity was investigated. A well established system for assaying and studying callose synthase from plant cell-free extracts was used (Colombani et al., 2004; Lai Kee Him et al., 2001) . The results demonstrated a 40% increase in activity for the isolated enzyme from hybrid aspen cells after 1 h reaction in the presence of 100 lM reagent A or higher concentrations.
More detailed kinetic studies were performed using larger reaction volumes in Eppendorf tubes to facilitate the The cells were incubated with DMSO (black bars) or chemical A (white bars) for 4 d and cell walls were extracted and fractionated as described in Methods. Cell wall preparations were analyzed from three independent cell cultures (separate flasks); results are expressed as 6SE (n = 3). measurement of activities at the lowest substrate concentrations, which is not possible using the 96-well plate-based assay due to the limited volumes of the wells (see Methods). The resulting Michaelis-Menten plots and calculated values for K m and V max for the enzyme from hybrid aspen cells are shown in Figure 11 . The kinetics was typical of a non-essential type of activation, indicating that chemical A was able to bind both the free enzyme and the enzyme-UDP-glucose (substrate) complex. The equilibrium constant of chemical A was, however, twice as high for the free enzyme (Ka) compared to the enzymesubstrate complex (Ka') (Figure 11) , suggesting a higher affinity of chemical A for the enzyme-substrate complex.
It is noteworthy that chemical A inhibits glucose incorporation by Golgi membranes during the primary screen, but shows an activating effect on callose biosynthesis in vitro. This different effect could be detected only because purified Golgi membranes essentially devoid of plasma membranes were used as a source of enzymes during the first screen of the chemical library. It is only when detergent extracts of total membranes and higher concentrations of UDP-glucose were used for the assay that the stimulation of the plasma membrane-bound callose synthase activity could be evidenced. Thus, chemical A seems to have opposite effects on Golgi and plasma membrane glucosyltransferases. Further studies will be needed to address its mode of action on these two classes of glycosyltransferases.
In conclusion, we have developed a fast and easy 96-well plate format assay that allowed us to screen 4800 compounds in our search for effectors of synthetic processes in Golgi membranes. We were able to identify several inhibitors. One of them, chemical A, was studied further and exhibited an opposite effect on callose synthesis. Our data suggest the existence of at least two independent targets for chemical A, which both use UDP-glucose as a substrate: the plasma membrane-bound callose synthase and at least some Golgi glucosyltransferases.
METHODS Plant Material and Treatment with Chemicals
Pisum sativum plants cv. Alaska were grown for 14 d at 25°C in the dark in moist vermiculite. Third internodes (approx. 1 cm long), approx. 3 mm below apical hook were cut and used for Golgi membrane extraction.
Arabidopsis thaliana plants cv. Colombia were germinated and grown for 14 d at 24°C in the dark or under a 16-h light/8-h dark photoperiod in the presence of DMSO or chemicals (concentrations are specified in each experiment).
Arabidopsis suspension cultured cells grown in Murashige and Skoog medium (supplemented with 20 g L À1 sucrose, 0.5 mg L À1 2,4-D and 0.05 mg L À1 kinetin) at 23°C with orbital shaking at 130 rpm were incubated with DMSO or chemicals for 4 d and transferred into fresh media. Hybrid aspen suspension culture was grown as described elsewhere (Colombani et al., 2004) .
Isolation of Golgi Membranes
Enriched Golgi membranes were isolated according to Munoz et al. (1996) using sucrose gradient with some modifications. Plant tissues or cells were homogenized in extraction buffer (EB: 100 mM HEPES, pH 8.0, containing 5 mM MgCl 2 , 5 mM MnCl 2 , 1 mM DTT, 5 mM EDTA and 0.4 M sucrose) using a polytron for 5-s pulses at 5000 rpm. The homogenate was filtered through three layers of Miracloth and centrifuged for 20 min at 10 000 g. The supernatant was layered onto 38% (w/w) sucrose in EB (8 ml) and centrifuged for 90 min at 100 000 g. The upper phase was removed carefully without disturbing the interface and two layers of sucrose 33% (w/w, 14 ml) and 8% (w/ w, 5 ml) in EB were added on the top. The gradient was centrifuged for another 4 h at 100 000 g. The membranes that equilibrated at the 33-8% sucrose interface were collected, diluted with an equal volume of EB containing no sucrose, and centrifuged for 45 min at 100 000 g. The pellet was re-suspended in EB containing 0.25 M sucrose and stored at -80°C.
Preparation of Microsomal Membranes and Detergent Extraction of Callose Synthases from Hybrid Aspen
The different steps for the isolation of the microsomal fractions and for protein extractions were performed at 4°C as described in Lai Kee Him et al. (2001) and Colombani et al. (2004) . Briefly, cells harvested in exponential phase of growth were resuspended in 100 mM Mops/NaOH buffer, pH 6.8, containing 2 mM EDTA and 2 mM EGTA, homogenized using a French Press, and microsomal fractions were isolated by differential centrifugation as previously described (Lai Kee Him et al., 2001) . Membrane-bound proteins were extracted under continuous stirring in the presence of 1% digitonin and the preparation was centrifuged at 150 000 g for 1 h (Colombani et al., 2004; Lai Kee Him et al., 2001) . The supernatant was used as the enzyme source for the in-vitro assays and enzyme kinetics.
Assay for Chemical Screening
Fifty ll of Golgi membranes obtained as described above were added to each well of 96-well plates containing 10 ll of the chemicals from the chemical library. The wells in the first and in the last columns of the 96-well plates did not contain any chemical; 10 ll of DMSO was added in the wells of the first column instead of the chemical and used as the positive controls. Boiled Golgi membranes were added to the wells of the last column of the plates and used as the negative controls. The membranes were pre-incubated in these plates at 4°C on a shaker set at 200 rpm. After 3 h, 60 ll of the reaction mixture (1.0 lM of UDP-glucose + 2 lCi UDP- [H 3 ]-glucose from the stock solution with specific radioactivity of 27 Ci mM À1 , 10.0 mM HEPES, 1 lM MnCl 2 , 1 lM) was added in all wells and the incubation was continued for another hour at room temperature and shaking at 200 rpm. The reaction was terminated by diluting the reaction mixture with 170 ll of water. The reaction mixtures were transferred to 96-well multiscreen plates filled with anion-exchange resin and filtered into fresh 96-well plates via vacuum filtration. Scintillation cocktail was added to the filtrates, and the radioactivity in the filtrates was measured using a scintillation counter (Trilux, Perkin-Elmer Co.). The filtration through the anion-exchange resin allows the separation of the free UDP-glucose that was not used by the glycosyltransferases during the assay.
Characterization of Radioactive Products by HPAEC-PED
For products analysis, the reactions used for the screening were scaled up 10 times and performed in the presence of chemical A or DMSO. The reactions were terminated by addition of 100% ethanol (up to a final concentration of 80% (v/v)) and the insoluble pellets were sedimented at 10 000 g and washed twice with 80% ethanol (v/v). The resulting pellets were air dried and re-suspended in water. 10-ll aliquots were mixed with a scintillation cocktail and the total radioactivity was measured using a scintillation counter. The rest of the re-suspended pellets was analyzed by HPAEC-ED (Dionex, Sunnyvale, CA) using a CarboPac PA 1 column. The products were separated and collected (1 min collection time) using a gradient that ranged from 100 mM NaOH (A) to 300 mM Na acetate in 100 mM NaOH (B) at 1 ml min À1 under following conditions: 0 min, 100% A; 30 min 100% B; 45 min 100% B. The de-salted in-line fractions were collected and combined into four separate fractions according to the major peaks detected on the ED detector. The combined fractions were then freezedried, re-suspended in 10 ll of water, mixed with scintillation cocktail and the radioactivity was measured using a scintillation counter.
Assay for Callose Synthase
Callose synthase activity was assayed exactly as described in Colombani et al. (2004) , apart from the addition of various concentrations of chemical A. For enzyme kinetics, various concentrations of substrate and incubation times were used to determine the kinetic parameters of the reaction in the presence and absence of chemical A as presented in Figure 11 .
Mannosidase II and Latent UDPase Assays
Latent UPDase activity was measured according to Briskin et al. (1987) . The mannosidase II activity was assayed as described by Strasser et al. (2006) using various concentrations of 4-methylumbelliferyl a-D-mannopyranoside (Sigma) as the substrate.
Cell Wall Analyses of Arabidopsis Cells
Alcohol-insoluble (AIS) cell wall material from Arabidopsis cells was prepared according to Harholt et al. (2006) and fractionated into pectins, hemicelluloses soluble in 1 M and 4 M KOH and cellulose according to Pauly et al. (1999) . In brief, dry AIS was suspended in 0.5% aqueous SDS overnight, the residue (CWM) was recovered and washed with water by filtration, washed with a 1:1 mixture of chloroform and methanol, rinsed with acetone and air-dried. Starch was removed by treatment with a-amylase (Type IIA, Sigma). To isolate pectic material, CWM was suspended overnight in 50 mM CDTA, pH 7.5, containing 0.02% thimerosal. The insoluble residue was separated by centrifugation and treated with endopolygalacturonase (EPG) in 0.1 M sodium acetate, pH 5.0, 0.02% thimerosal overnight. The isolation of hemicellulosic polysaccharides was performed by sequential extraction with 1 M KOH and 4 M KOH containing 0.1% NaBH 4 . After neutralization with acetic acid, the alkali soluble fractions and CDTA extracts were dialyzed against water, concentrated by lyophilization and used for total sugar and monosaccharide composition analyses.
Total neutral sugar concentration was determined by a colorimetric assay using anthrone and Glc as the standard (Dische, 1962) . The total uronic acid content was estimated by a colorimetric assay using m-phenylphenol and galacturonic acid as the standard (Blumenkrantz and Asboe-Hansen, 1973) . The cellulose content was estimated as described by Updegraf (1969) .
The monosaccharide composition of the fractions hydrolyzed with 2 M TFA was analyzed by HPAEC-PED (Dionex, Sunnyvale, CA) on the CarboPac PA20 column with post-column addition of 300 mM NaOH, using following gradient conditions: 0-0.05 min, 12 mM NaOH; 0.05-26 min, 0.65 mM NaOH; 26.1-46 min, 1-300 mM NaOH; 46.1-55 min, 12 mM NaOH.
Confocal Microscopy
Arabidopsis cells were stained with calcofluor white or with aniline blue used as 0.005% and 0.001% aqueous solutions, respectively, for 20-30 s, before mounting them on glass slides.
Fluorescence images were captured using a Leica TCS/SP2 UV confocal microscope (Wetlzer, Germany) following the manufacturer's settings for the corresponding range of wavelength.
Five-day-old seedlings of different Arabidopsis transgenic lines grown in the plates with MS media (0.8% phytoagar) with DMSO or 100 lM of chemical A were examined using a Leica TCS/SP2 UV confocal microscope. Arabidopsis plants expressing GFP-PIP2A-and GFP-dTIP (Cutler et al., 2000) were the generous gift from Dr Somerville and ST-GFP was a generous gift from Dr Dupree (Wee et al., 1998) . Arabidopsis plants expressing 35S::YFP-SEC12 were prepared in the lab. SEC12 cDNA was amplified with the primers: SEC12 F 5#-tggtgctgctgcggccgctggggccatggcgaatcagagtacagag-3'; SEC12 R 5#-5#-ctaaggtatgataccctttgccttc-3#. cYFP was amplified with the following primers: YFP F 5#-caccatgggaggtggaggtggagct3#and YFP R 5#-ggccccagcggccgcagcagcaccagccttgtacagctcgtccatgcc-3#. A double template product was generated using YFP F and SEC12 R primers and the above two templates. The product produced was cloned into the pENTR TOPO vector and subsequently into pK2GW7 binary vector (Karimi et al., 2002) . Wild-type seedlings were transformed by an infiltration method using Agrobacterium tumefaciens strain GV3101 carrying the appropriate constructs (Clough and Bent, 1998) . Several independent lines were analyzed. The lines were amplified and the T3 plants were used for further experiments. 
